The FRC is a major determinant of the efficacy of pulmonary gas exchange. Widely used therapeutic interventions such as CPAP during spontaneous breathing and PEEP during CMV aim to maintain FRC in a variety of lung diseases. However, easily applicable technology for FRC measurements that does not interfere with nursing care has not to date been available for routine management in neonatal intensive care. SF 6 washout (1-5) is a potentially suitable technique for neonates receiving intensive care, including those who need near 100% O 2 (6).
ABSTRACf. We modified a sulfur hexafluoride (SF 6 ) washout technique to allow functional residual capacity (FRC) determinations in small-volume lungs both during spontaneous breathing and controlled mechanical ventilation. This method facilitates measurements in subjects who attempt spontaneous breaths between ventilator-generated breaths. We wished to confirm the accuracy and precision of the measurements and the method's sensitivity to change. The method uses a pneumotach together with a fast, mainstream infrared SF6 sensor mounted between the endotracheal tube and the ventilator circuit. A low flow of pure SF 6 is delivered into the constant gas flow of the ventilator circuit to wash in tracer gas at a concentration of less than 2%. The flow signal and the instantaneous SF 6 concentration is processed on-line by a computer. The calibration of the SF 6 sensor's nonlinear signal and the ability of the flow sensor to reflect flow values precisely near zero flow had a major impact on the accuracy of the FRC estimate. This accuracy was tested by comparing measured FRC values with a dummy lung's true FRC that was varied from 7 to 70 mL. The comparison differed by 0.7 ± 3.2% (mean ± SO; range, -5.1 to 7.8%). As a measure of reproducibility (precision) across 20 FRC determinations in five adult rabbits, the average coefficient of variation was 1.7% (range, 0.57 to 4.33%) during continuous positive airway pressure and 1.98% (range, 0.35 to 3.81%) during controlled mechanical ventilation. The method proved sensitive to changes in FRC related to changes in airway pressure. We conclude that SF6 washout allowed unbiased and precise FRC measurements under the circumstances of this study in the range of 5 to 100 mL of FRC. with FsF• being the instantaneous fractional concentration of the tracer gas and V' being the flow of spontaneous breathing. Note that during early inspiration with each breath a small amount of SF. is washed in as a result of rebreathing SF.-enriched dead space volume. Therefore. the signal of the net exhaled SF. volume always drops initially during inspiration. 
Sicond.
unit of the ventilator was flushed with air free of tracer gas during the next expiration and delivered pure air for the first washout inspiration. With starting washout (Fig. 3) , the computer continuously calculated the SF6 flow as the product of air flow and SF 6 concentration for each sampled pair of measured values. The sampling rate was 100 Hz. The total volume of expired SF 6 was then given as the integral of the SF6 flow over time. During the initial inspiration, rebreathing of SF6 from the pneumotach and its short connectors to the ventilator circuit and to the SF. cuvette was inevitable. This volume was calculated in the same way and always subtracted from the total amount of exhaled tracer gas. The exhaled SF6 volume was displayed on the screen over time. The measurement of the washout curve was stopped when no further increase in the calculated volume occurred. To obtain FRC, we divided this volume by the end-expiratory SF6 concentration of the last expiration before starting washout. The program displayed the calculated FRC in a window on the screen.
Mechanical lung model-near gold standard measure. The model consisted of a thin-walled balloon attached on top of a syringe (Fig. I) . It was ventilated through an endotracheal tube inserted through the syringe's plunger. The balloon was slightly pressurized from outside to guarantee its complete end-expiratory emptying so that only the known volume inside the syringe remained as "FRC. " To determ ine the accuracy and precision of the SF. washout technique, we conducted FRC measurements while the test lung was ventilated with tidal volumes of 6, 10, and 20 mL. Its FRC was varied between 7 and 70 mL. Ventilator frequencies above 70 beats per min were not tested.
Animal model. This study was approved by the McMaster University, Hamilton, Animal Research Ethics Board (no. 91-10-234).
Five adult New Zealand White rabbits (mean body weight, 2530 g; range, 2450-2600 g) were anesthetized with 100 mg of ketamine hydrochloride and 5 mg of xylazine. Anesthesia was maintained by supplemental boluses of pentobarbital. We attempted to keep the anesthetic level at surgical anesthesia, and not more, to minimize depression of spontaneous breathing etTorts. Infusion fluids were given at 3 mL/kg/h i.v. Tracheos- (/) 0.0 p=~*=:t==;ti=±=:t=:::::i=::;;l;:=::!==::;.~:±f lows was calibrated with a gas meter that guarantees a measurement error of less than ±0.5% over a flow range of 10-1000 L/h (Junkalor Inc., Dessau, Germany). The calibration curve of the SF6 sensor is nonlinear because the intensity of the original light beam decreases exponentially to the concentration of the light-absorbing gas according to the Beer-Lambert law if the path length (size of the cuvette) is constant (13) . The computer internally linearizes the calibration curve, and all subsequent calculations are based on a linear characteristic. The cuvette was mounted between the endotracheal tube and the flow sensor of the ventilator . During wash-in a low flow of pure SF 6 was delivered by a side port into the constant flow of 9 L/min of humidified gas entering the pneumatic unit of the ventilator (Fig. I) .
The SF 6 monitor, the valve to start and to stop SF 6 delivery, and the ventilator's flow and pressure outlet ports were interfaced with a computer. Signal processing, all calculations, and on-otT commands were performed by our own algorithms with the Workbench PC software package (Strawberry Tree Inc., Sunnyvale, CA). Because the response time of the SF6 sensor is slow (10-15 ms) relative to the flow sensor, the computer program has a IO-mslag time built in for the flow to synchronize the two signals better. Wash-in was started by clicking on a switch icon on the computer screen. The final on-switch output via the digital-analog converter directly to the SF6 valve was postponed by the computer to the start of the next expiration (crossing the zero flow line from positive to negative). Thus, the tracer gas primed the pneumatic unit of the ventilator during that expiration and was delivered at a constant concentration to the subject during the next inspirations. Inspired and expired SF6 concentration was displayed over time on the computer screen (Fig. 2) . Once equilibrium was achieved the off-switch mechanism was activated by disabling the switch icon. The computer turned the SF 6 delivery valve otTat end-inspiration so that the pneumatic 
RESULTS

Accuracy of SF6 washout technique as tested on mechanical
identity. The difference between the paired measured and true FRC values was 0.70 ± 3.2% (range, -5.1 to 7.8%). Statistically, there was no evidence of differences in mean accuracy being related to tidal volume or to the level of true FRC. In other words, the method was uniformly accurate at all tested tidal volumes and over the range of the tested true FRC levels.
Physiologic variability of FRCSF6 during CPAP and CMV.
Each of the 40 FRCSF6 determinations during CPAP and during CMV is the average of three individual successively repeated measurements. The coefficient of variation (i.e. the reproducibility or "precision" of these measurements) did not show any trend with the different levels of CPAP or end-expiratory pressure, nor did it show any systematic differences between animals. The average coefficient of variation across the 20 measurements during CPAP was 1.70% (range, 0.57 to 4.33%). It was 1.98% (range, 0.35 to 3.81%) across the 20 measurements during CMV (Table 1) .
Effect of the end-expiratory PaDon the FRC. The measured changes in FRC in response to stepwise variations in the endexpiratory P ao by 0.2 kPa were clearly far beyond the variability range of the method itself both during CPAP and CMV (Table 1) .
The changes in lung volume as measured with the FRC SF6 technique during CMV precisely followed the quasi-static pressure-volume characteristic in the animals 1, 2, and 4. The rise in FRC SF6 per unit of pressure was steeper than the pressure-volume curve in animal 5 and especially in animal 3 (Fig. 5 ). This latter animal was the only one showing a marked deterioration of its lung compliance and decrease of the FRC after paralysis right between the two series of FRC measurements (Table 1) . DISCUSSION We have modified a previously described SF6 washout technique (1,2, 5, 6) to allow FRC measurements in subjects with small-volume lungs and preserved spontaneous breathing activity on a variety of mechanical ventilators. Our specific aim was to develop a technique that interferes less than hitherto described apparatuses (6, 14) with the routine therapeutic situation in neonatal intensive care. This study tests the accuracy, precision, and responsiveness to therapeutic modalities of this modified technique under experimental conditions. SF6 sensor andflow sensor. The technique depends on instantaneous and simultaneous measurement of the SF6 concentration and flow at the airway opening. The response time ofthe infrared SF6 analyzer is below 20 ms (3). It also has been shown previously that the sensor is not significantly disturbed by carbon dioxide or variations in oxygen concentration (3, 4) . We did not recheck the sensor with respect to these characteristics, but we obtained the calibration curve up to 2% SF6 before the bench tests shown in Figure 4 . The accuracy of the FRC measurements was highly sensitive to the quality of the calibration curve, as shown with our preliminary measurements on the mechanical model. However, for the purpose of our FRC calculation, we did not need to guarantee correct absolute SF6 concentration values. We will calculate accurate FRC values as long as the slope of the SF 6 calibration curve is picked up correctly by the calibration procedure. Only if the slope is inaccurate will we get biased results. This result occurs because the measured volume of washed out SF6 is divided by the measured end-expiratory SF6 concentration to obtain FRC and because we are measuring these two values with the same transducer.
The sensor has a fast response achieved at the expense of a high signal-to-noise ratio (3) . Although the noise appears large (Figs. 2 and 3) , the computer obviously could estimate the mean SF6 concentration precisely, as shown in Figure 4 . However, the quality of the signal did not allow a precise FRC calculation on the basis of wash-in curves (Fig. 2) , and all calculations were based on washout curves. The zero-flow calibration of the flow monitor is a critical prerequisite for this method to obtain an Model FRC (mt) 10 tomy was performed on each animal, and the trachea was cannulated with a 2.5-mm inner diameter endotracheal tube (length, 150 mm) secured in place by a peritracheal ligature. This endotracheal tube size was chosen because it.is commonly used in neonatal intensive care. The animal was then connected to the ventilator in the supine position and had ventilation during the rest of the surgical procedure with CMV using a PEEP of 0.2 kPa. An arterial line was inserted through the left carotid artery for intermittent determination of arterial blood gases.
Study protocol. Each animal was exposed to four different levels of CPAP in the following order: 0.2, 0, 0.4, and 0.6 kPa. At least 5 min were allowed for stabilizat ion at each level before measurements were conducted. The FRC was measured in triplicate at each CPAP level. The occlusion compliance was measured at CPAP of 0.2 kPa before the FRC determinations were started. Afterward, CMV was started. For this part of the study , full neuromuscular paralysis was initiated and maintained with i.v. pancuronium bromide (0.2 rug/kg/h). Tidal volume and ventilator rate were adjusted to maintain normocapnia.
A very slow inflation of the lung was then performed from zero Pao up to 0.7 kPa with a constant flow of 5 mL/s. This quasi-static pressure-volume characteristic of the lung was also recorded with the Workbench PC software.
Subsequently, the PEEP was elevated from 0 to 0.6 kPa in steps of 0.2 kPa. Triple FRC measurements were performed after 15 min of CMV at each level. Finally, the quasi-static inflation of the lung was repeated .
Statistics. Values are presented as mean ± SD. Linear regression was performed with the method of least squares to obtain the line of best fit. Two-way analysis of variance was used to check for differences in mean accuracy (i.e. difference between measured and true value of the model's FRC) being related to tidal volume or to the level of true FRC (Fig. 4) .
Because each FRC "determination" in the animal experiments represents triplicate measurements over a period of about 5 min, the FRC reproducibility (precision) could be assessed by the coefficient of variation in percent (SD .Ioo/average of the three measurements of FRC) ( Table 1) . • FRC data represent mean (top value) and coefficient of variation (CV, in %: bottom value) of three consecutive measurements. Coccl, compliance of the respiratory system as measured during spontaneous breathing at 0.2 kPa ofCPAP by an occlusion technique (12): Cinsu, compliance of the respiratory system as measured during mechanical ventilation by a constant-flow inflation method (II); ND, not done. unbiased FRC estimate. Whenever the flow monitor's signal deviates slightly from zero during periods of zero flow, a systematic error will occur in the FRC estimate . We always calibrated the flow sensor carefully before the experiments. We did not test other types of flow sensors for this technique, and no problems occurred with moisture inside the heated pneumotach in our animal experiments. However, the resistive pressure drop across the pneumotach may change substantially if any particles such as secretions, water droplets, or surfactant foam get into the sensor. This potential problem is specific to those methods that rely on the precision of flow measurements inside the airway. We inserted small metal mesh screens on either side of the interconnected sensors. These screens serve two purposes: they d·V D·CA Although this is a simplification (I) (for instance, the assumption that the test gas concentration remains zero in the proximal airways is violated in our setup by rebreathing, as Figure 3 clearly shows), it demonstrates that under these ideal conditions SF6 should be washed out approximately 6 times slower than helium (square root of 146/4). The fact that washout was so fast in our experiments suggests that mechanisms other than diffusion may playa major role in mixing SF6• Cardiac churning and convection facilitated by the high respiratory rates might be contributing factors. However, it may also be implied from the above considerations that whenever SF 6 has to move over a longer distance or smaller cross-sectional area by diffusion only, the washout might be significantly prolonged. Therefore, our results about the feasibility, accuracy, and precision of the SF6 technique may not necessarily hold true for specific disease states like bronchopulmonary dysplasia. Although no significant difference was seen in normal adults between helium and SF 6 FRC measurements (5), nitrogen and SF 6 (2), and body plethysmography and SF6 (2, 5) , the SF 6 technique gave systematically lower estimates in comparison with helium in adult patients with chronic obstructive lung disease (5). 6 • SF 6 is a nontoxic, inert, odorless gas.
Otherproperties ofSF
The Bunsen solubility coefficients ofSF6 in lung tissue and blood are even smaller (0.0068 and 0.00084, respectively) than those where T is proportional to F, = Fs-e T withhold any contaminating particles, and they guarantee perfect mixing of the tracer gas.
Speed of SF6 washout. SF6 was washed out remarkably fast in our rabbits, so it usually took no more than 2 min to perform one FRC measurement (Figs. 2 and 3 ). This finding may appear surprising in view of the high molecular weight of 146 in comparison with other gases used for FRC measurements like helium (molecular weight = 4). The diffusivity (0) of a gas is proportional to the square root of its molecular mass, and washout of alveolar gas is assumed to occur by diffusion in addition to convection from the alveolar compartment up to approximately the 17th bronchial generation. The time course of this process depends on the peripheral volume (V) of the gas and the distance (d) and cross-sectional area (CA) through which it diffuses. Thus, the initial alveolar fractional concentration (Fo) decreases over time according to 
-. s: (15, 16) . Therefore, dissolved SF 6 cannot be a significant source of error during FRC measurements.
Comparison with other techniques for FRC measurement in small-volume lungs. The SF 6 method previously described for small neonates (6, 14) used the same infrared SF6 monitor as we did. However, these authors modified a specific type of ventilator (Servo 900C, Siemens-Elema, Sweden) for the purpose of their FRC measurements. In this system, the analyzer is unable to be used in its described form with other ventilators. Additional components of their system include electromagnetic inspiratory and expiratory auxiliary valves, two heated pneumotachs (Fleisch no. 00, Lausanne, Switzerland), and an SF 6 dispensing unit. Although the additional dead space load to the patient during the measurement procedure is small (0.6 to 0.8 ml.), the additional expiratory resistive load was not described. The accuracy and precision of their technique according to test results with a physical lung model of known FRC ranging from 5 to 60 mL appears to be identical with our results reported here . However, measurements cannot be obtained in the presence of intermittent spontaneous breaths or during CPAP. Furthermore, when the technique was used in a clinical setting, the infants were disconnected from their ventilator, switched to the modified ventilator with the measuring system , and sedated or paralyzed to abolish spontaneous respiratory efforts during measurements (6) .
Our technique requires the insertion of the flow sensor and the SF6 sensor between the endotracheal tube and the ventilator circuit. No other manipulations are necessary near the patient. The technique can be used with all constant-flow infant ventilators. The fact that our method works both during spontaneous breathing and with ventilator-generated breaths of varying tidal volumes is a particular advantage because infants usually do initiate spontaneous breaths between ventilator-generated cycles.
The advantage of all SF 6 techniques in comparison with other gas dilution techniques (17, 18) is that a high concentration of inspired oxygen does not preclude measurements or impair the precision. For measurements with the open circuit nitrogen washout technique (18, 19) , the infant also has to be connected to a second ventilator. The bag-in-bottle rebreathing systems either have to use CO 2 absorbers in the circuit (20) or can only allow for a short period of equilibration, which might be too short for diseased lungs (21, 22) . Recently described modified plethysmographic techniques also still appear cumbersome because the patient has to be moved into a box sealed around the face (23) (24) (25) (26) .
FRC during regular CPAP and CMV. During this study, the animals did not display much physiologic variability of the FRC within the time of three consecutive measurements. The reproducibility of our measurements was excellent in comparison with other reports studying FRC in the range below 100 mL (17) . It is interesting that the FRC changes in response to an increased PEEP almost exactly followed the quasi-static pressure-volume curve in all our animals with normal lungs. However, the pressure-volume curve did not predict the FRC changes in one experiment. This particular experiment was conducted in the only rabbit that had a markedly impaired lung function during the second study period under CMV as indicated by its decreased lung compliance and low FRC. The higher-than-predicted rise in FRC with increasing PEEP in this situation might be explained by reopening of previously noncommunicating air spaces to the airway system . The quasi -static pressure-volume curve may not reflect reopening. On the other hand, the SF 6 technique as a gas dilution method will include "trapped air spaces " in the FRC estimate as soon as they are reopened.
We did not examine in this study to what extent the presence of leaks around the endotracheal tube may invalidate FRC measurements with our SF 6 setup. Gas leaks are a potential source oferror for all known methods ofassessing FRC in infants. Some authors have tried to reduce this problem by exerting a gentle external pressure below the larynx to seal the endotracheal tube around the trachea during measurements (6, 21, 22) . Other investigators attempted a mathematical correction for the endotracheal tube leak (27) . However, leaks may affect the various methods of FRC measurement differently. For instance, we do not sample during the end-inspiration period of the ventilator when leak flows usually peak . In contrast, the peak leak flow most likely has a major impact on some of the helium dilution techniques (27) .
In conclusion, the method described is adaptable to most ventilators with which we are familiar that are for infants. In light of the accuracy with a near gold standard, the high reproducibility of the data, and its responsiveness to a common lung volume recruiting maneuver, this method may have a clinical monitoring application.
